ABSTRACT: Mortality during the egg and larval stages is thought to play a major role in de termining year-class strength of many marine fish. Predation of eggs and larvae is normally considered to be a major factor but the full suite of predators responsible has rarely been identified. Potential predators on a patch of plaice Pleuronectes platessa eggs located in the eastern Irish Sea were mapped using acoustics and sampled by trawl and a plankton multi-net. Gut contents of 3373 fish, crustacea and cephalopods sampled in the area were screened using a plaice-specific TaqMan DNA probe. Herring Clupea harengus and sprat Sprattus sprattus dominated trawl catches and showed high positive TaqMan responses (77 and 75% of individuals tested respectively). Locations of clupeid schools also broadly corresponded with the distribution of fish eggs in the plankton. Whiting Merlangius merlangus were also reasonably abundant in trawl hauls and 86% of their stomachs tested positive for plaice DNA. Species showing lower levels of positive TaqMan response included mackerel Scomber scombrus, poor cod Trisopterus minutus, squid Loligo spp., dogfish Scyliorhinus canicula and weever Trachinus vipera. Nonre activity of all negative controls precluded the occurrence of cross-contamination, and positive reactions from demersal species, such as dogfish and weever, may have resulted from secondary predation. No benthic macro-crustaceans tested positive. Samples of planktonic organisms yielded 13% positive TaqMan reactions, mainly from clupeoid or sandeel (Ammodytidae) larvae, but also included some Malacostraca and Amphipoda. Use of the molecular approach allowed rapid screening of a large number of potential predators of plaice eggs, and the results provide a more holistic description of the predator community than has previously been achieved. 
INTRODUCTION
Despite over 100 years of research, our understanding of the processes involved in controlling year-class strength in marine fish is still limited (Houde 2002 , 2008 , Platt et al. 2007 , Zhang et al. 2010 , Fässler et al. 2011 . Since Hjort's critical period hypothesis Hjort (1914) , which invoked the onset of larval feeding as the crucial stage, there has been considerable debate about when year-class strength is determined. The current consensus is that it varies with species and stock (Myers & Cadigan 1993 , Houde 2008 ) but there are examples where yearclass strength appears to be set at a very early stage.
In the southern North Sea, year-class strength of plaice Pleuronectes platessa is predictable from the abundance of Stage V eggs (Bannister et al. 1974 , Harding et al. 1978 , Brander & Houghton 1982 , and for herring Clupea harengus in the northern North Sea, mortality during the first 30 d of larval life appears critical (Fässler et al. 2011) . Further research into the causes of egg and larval mortality should therefore contribute to a better understanding of the conditions which generate periods of good and poor recruitment, at least for some species and stocks (Fässler et al. 2011 , Huwer et al. 2011 .
Although embryonic malformations (Cameron & von Westernhagen 1997) , disease and parasites (Meneses et al. 2003) , and exposure to ultra-violet radiation (Browman 2003) and pollutants (Klumpp & von Westernhagen 1995 , Cameron & von Westernhagen 1997 can all kill fish eggs, predation is generally thought to be the main cause of egg mortality (Hunter 1981 , Sissenwine 1984 , McGurk 1986 , Bunn et al. 2000 . Despite its supposed importance, there are relatively few field studies on predation of fish eggs (Heath 1992 , Houde 2008 . Because prey are often digested rapidly, identifying items from predator stomach contents can be difficult (Heath 1992) . Rapid digestion is a particular problem with regard to larval fish as prey (Folkvord 1993) , but the chorions of eggs are generally more resistant to digestion. Egg shells in stomachs may, however, be difficult to assign to species, unless they possess visually distinct external characteristics (Russell 1976 , Hunter & Kimbrell 1980 , Brewer et al. 1984 , Ellis & Nash 1997 . Many of the studies that have been conducted have concentrated on the role of fish as predators, but fish eggs (and larvae) are exposed to a wide spectrum of other potential predators including chaetognaths (Feigenbaum & Maris 1984) , gelatinous zooplankton (Purcell 1985 , Lynam et al. 2005 , euphausiids (Theil acker et al. 1993 , Krautz et al. 2007 ) and some of the larger copepods. Obtaining direct visual evidence of consumption from some of these groups, particularly the crustacea, is difficult as they macerate their prey (Theil acker et al. 1993 , Taylor & Danila 2005 . Finally, visual gut content analysis is a relatively labour-intensive and timeconsuming procedure.
Recently, molecular methods have provided additional tools for predation research. Several studies have successfully applied immunological assays to detect predation in the marine environment (Theilacker et al. 1986 , 1993 , Krautz et al. 2003 , Taylor 2004 . This approach has certain advantages as the method can sometimes discriminate life-history stages, e.g. by detecting the presence of yolk proteins (Theilacker et al. 1986 , Taylor & Danila 2005 . There are also claims that detection times in the presence of digestion may exceed DNA-based methods (Symondson 2002) . On the other hand, immunoassays are expensive and difficult to develop and may not be replicable between laboratories. DNA-based methods are therefore becoming increasingly used. In this approach, either a taxon-specific DNA-probe is developed (e.g. Taylor et al. 2002) or cloning or pyro-sequencing are used to evaluate the presence of a broader range of taxa using DNA sequences (e.g. Cytochrome Oxidase I [COI] barcodes). Both probing and sequencing techniques include DNA amplification and can be applied to very small quantities of target DNA. In order to improve the chances of successful detection it is usual to target relatively short nucleotide sequences, since prey DNA be comes fragmented during digestion in the predator gut. Examples of successful applications include Rosel & Kocher (2002) , who described a polymerase-chain reaction (PCR) assay to detect cod larvae in mackerel Scomber scomber stomachs, and Nejstgaard et al. (2003) and Vestheim et al. (2005) who used similar assays for identifying prey in copepod faecal pellets. Applications using cloning or pyro-sequencing to identify multiple prey taxa in clude studies on the diets of seals (Deagle et al. 2009 ) and lobster larvae (Suzuki et al. 2008) . Before any molecular method for prey detection is applied to field samples, the method's specificity against a range of potential prey must be tested. In addition, experiments are needed on the extent to which digestion of the target DNA in predator guts reduces detection rates. Given the extreme sensitivity of these methods, stringent efforts are also needed to control cross-contamination during field sampling (Symondson 2002 , Passmore et al. 2006 . In previous papers we described the development of a TaqMan probe for plaice DNA, demonstrated its specificity and described the effects of digestion by crustacean and teleost predators on detection efficiency (Albaina et al. 2010 , Hunter et al. 2012 ). Here we describe the first application of this method to study predation of plaice eggs (and larvae) in the field. Because the TaqMan assay cannot distinguish between the egg and larval stages of plaice, we refer to detection of predation on eggs/ larvae throughout. In addition, we assume that consumption of adult plaice by the suite of potential predators that we assayed would not occur, or would be obvious during dissection of predator stomachs. Because plaice spawning occurs offshore, but nursery grounds are inshore (Fox et al. 2007 ), we also assume that small, juvenile plaice were not present in the study area. Although remains of plaice eggs can be visually identified in teleost stomachs (Ellis & Nash 1997) , we wanted to test the molecular approach as an alternative meth od for rapid screening of large numbers of potential predators and to identify any non-teleost predators consuming plaice eggs/larvae in the study area.
MATERIALS AND METHODS

Field sampling
Cruises were conducted in 2008 and 2009 on a well-described plaice spawning ground (Fox et al. 2000a in the eastern Irish Sea (Fig. 1) . In 2008, the cruise (25 February to 2 March) was affected by poor weather and focussed on developing sampling protocols and conducting an initial evaluation of the range of predators taking plaice eggs/larvae. The cruise in 2009 (19 to 28 February) included plankton sampling, to locate the egg patch, trawling and dedicated acoustic grids. In addition, a plankton multi-net (Bedford Institute of Oceanography Net and Environmental Sampling System, BIONESS, Ocean Seas Instrumentation) was deployed. Near-surface temperature and salinity were logged throughout every 5 min using an Aquatracka system (Chelsea Instruments).
Vertically integrated plankton sampling
On both cruises, a patch of plaice eggs was identified by sampling a grid of approximately 12 plankton stations. The grid was completed at both the start and end of the 2009 cruise but only at the start of the 2008 cruise. Plankton samples were collected using a 76 cm Lowestoft Gulf VII high-speed sampler fitted with a 40 cm diameter nose-cone, 275 µm mesh net and internal and external Valeport flowmeters (Nash et al. 1998) . Flow data, salinity and temperature profiles were captured with a Valeport MIDAS-CTD mounted on the body of the sampler. The Gulf VII was deployed in an oblique tow from the sea surface to near the seabed and back at 3 to 4 knots. Upon recovery, the net was washed down and the contents of the cod-end fixed in 4% formalin (4% formaldehyde in distilled water buffered with 2.5% sodium acetate trihydrate, w/v). Samples were sorted onboard for plaice eggs to gain a rapid estimation of the patch location, then subsequently re-sorted in the laboratory for all fish eggs and larvae (Russell 1976) . Egg and larval numbers were expressed as numbers per m 2 of sea surface using the sampled depth and the volume filtered, which was estimated from flumebased calibrations Brander et al. 1993 ).
Acoustics
In 2009 the distributions of pelagic fish were mapped using a Simrad EK60 split beam echo sounder operating at 38, 120 and 200 kHz. The transducers were mounted on a drop keel; pulse-duration (0.512 ms), ping rate (1 s) and other operational settings followed Korneliussen et al. (2008) . At the start of the survey all 3 frequencies were calibrated with the keel lowered at the operating depth (2 m below the hull), using the standard sphere method . A high resolution acoustic survey was undertaken consisting of a number of equidistant, parallel transects perpendicular to the coast, which covered all but the very eastern-and western-most parts of the plankton sampling area. During acoustic surveying the vessel speed was ~8 knots when steaming and 4 knots whilst collecting plankton and trawling.
Acoustic data were analysed using Echoview (version 4.6; Myriax). A filter was created (sum of 3 frequencies above −183 dB) to remove all weaker scatterings using the virtual echogram module, leaving only the acoustic marks associated with fish possessing swim-bladders. A dilation filter was then applied to account for reduced beam overlap between the The wing-end spread of the sandeel trawl was 20 m and the mesh varied from 800 mm at the mouth to 120 mm at the cod-end, which had a 10 mm mesh liner. Tows were conducted at approximately 4-hourly intervals over periods of 2 to 3 d. Catches were sorted into species and the total weight of each species and individual total lengths of fish recorded (to the nearest 0.5 or 1 cm interval below following ICES International Bottom Trawl recommendations, IBTS 2010). When large quantities of a species were caught (e.g. sprat), they were randomly sub-sampled by weight, ensuring that at least 30 individual fish length measurements were recorded. Length frequencies were then raised to the total catch, based on the weight sub-sampled. Catch weights were expressed standardised to a 30 min tow. Additional individual weight and length data were collected for sprat and herring in 2009 to allow conversion of acoustic signals to biomass. For beam trawl samples, benthic organisms that might predate on fish eggs and larvae, mainly various species of crab, were removed for stomach content analysis but the entire catch was not identified or weighed. We did not take stomach samples from benthic organisms such as sea urchins and brittlestars as we considered it highly unlikely that they would prey on pelagic fish eggs or larvae.
Predator stomach sampling from trawl catches
Because of the sensitivity of the TaqMan probe, a key consideration was the avoidance of cross-contamination. Any plaice caught were immediately removed from the catch and transferred to a dedicated measuring station that was not used to process any other species. On each haul a number of negative controls were mixed in with the catch in the hopper. Negative controls consisted of a piece of vinyl disposable glove (representing the stomach) inserted into another glove (representing the fish). Negative controls were processed as for fish samples. After the whole catch had been weighed, sorted and measured, between 20 and 30 individuals of each species (or up to the maximum caught for less abundant species) were selected across the size range. In 2008 both the stomach and hind-guts were dissected out from fish and placed in individual plastic sample bags and immediately frozen to −20°C. Based on the TaqMan results from 2008, where all hind-gut samples gave negative results, only the stomachs were preserved in 2009. For organisms such as crabs and squid, the whole animal was frozen. Sampling was discontinued 60 min after the completion of catch sorting to minimise effects of post-mortem degradation. Total time taken for sorting catches ranged from 30 min to 2 h depending on the size of the catch. Each dissection was performed with clean gloves and instruments. Batches of instruments were decontaminated using Microsol detergent (Ana chem) between trawl hauls. In addition to the negative controls inserted into the fish hopper, swabs were taken of the non-plaice processing stations and instruments after cleaning, and were then analysed using the TaqMan probe.
Depth-stratified plankton sampling
In 2009 a single deployment of a multi-net (BIO -NESS) system was made. The BIONESS comprises a frame with a 1 m square opening containing up to ten 300 µm mesh opening/closing nets. A SeaBird SBE19 CTD is fitted to record environmental parameters. Filtered volumes were estimated using the manufacturer's software reading data from an external General Oceanics flowmeter and frame tilt-sensor. Because of the relatively shallow water depth (33 m) only 4 depth strata were sampled. The BIONESS was deployed around 15:00 on 27 February and sampled strata were: 26.4 to 20.6 m, 20.6 to 13.7 m, 13.7 to 9.2 m and 9.2 m to the surface. On recovery, nets were washed down and samples pre-sorted onboard. Representative examples of the taxa present were frozen individually in well plates for subsequent TaqMan analysis. The remainder of the samples were fixed in 4% buffered formalin. Samples were sub sequently sorted and organisms identified to broad taxonomic categories. Abundance data were converted to numbers m −3 using the estimated volume filtered in each depth-band.
TaqMan analysis of stomach samples and BIONESS samples
A real-time PCR assay was used to probe potential predators for the presence of plaice DNA. This TaqMan probe, which targets a section of the mitochondrial cytochrome-β gene, is highly species-specific and does not cross-react against DNA from a wide range of marine organisms (Albaina et al. 2010) . Because the BIONESS samples had been rapidly sorted and frozen at sea (due to concerns about postmortem degradation of DNA in predator guts), it was necessary to check their identifications before processing them for molecular analysis. Frozen BIO -NESS samples were therefore defrosted in ethanol and identified to the lowest practical taxonomic level. Because there was significant distortion and damage to the bodies of fish larvae we were unable to identify sprat, herring and sandeel larvae to the species level so they were combined as a Clupeidae/Ammodytidae group. Two different extraction methods were used; a CTAB (hexadecyltrimethylammonium bromide) protocol was used for stomach contents of larger predators and a modified salt extraction protocol was used for stomach contents of smaller predators. Stomach contents from fish (excluding sprat) and crabs were partially homogenized in 1.5 ml autoclaved Eppendorf tubes containing 350 µl of 2% CTAB buffer (100mM Tris-HCl pH 8.0; 1.4M NaCl; 20mM EDTA pH 8.0; 2% CTAB; 0.2% 2-mercaptoethanol). Sub-samples of the stomach contents of large predators such as lesser spotted dogfish Scyliorhinus canicula were taken, including scraping of the stomach lining. Five microlitres of Proteinase K (Qiagen) was then added and each sample digested overnight at 55°C. DNA was purified using 2 chloroform-isoamyl alcohol washes followed by sodium acetate precipitation (3M, pH 4.8). Due to their relatively small sizes, whole stomachs from sprat, shrimps, prawns, amphipods, and euphausids and whole organisms from the BIONESS were homogenized in 300 µl of extraction buffer (30mM Tris-HCl pH 8.0, 10mM EDTA pH 8.0 and 1% SDS). Five microlitres of Proteinase K (Qiagen) was then added and each sample di ges ted overnight at 55°C. DNA was purified following a modified salt protocol (Aljanabi & Martinez 1997 ) using 1.2 ml wells in 96-well blocks (Star stedt MegaBlock). The DNA was resuspended in 100 µl ultrapure H 2 O and stored at −20°C. DNA concentrations were quantified using a NanoDrop ® ND-1000 spectrophotometer (Nano Drop Techno logies).
TaqMan assays were run on a 7900HT Fast RealTime PCR System (Applied Biosystems) following Albaina et al. (2010) . Reactions were run in Optical 96-well reaction plates using Optical Adhesive Covers (Applied Biosystems). Each 20 µl reaction contained 0.75 µl of plaice probe (10 µM; VIC reporter), 1.5 µl of the PLA-F and PLA-R primers (10 µM; Forward and Reverse primers), 10 µl of TaqMan Universal PCR Master Mix (NO UNG + ROX passive reference; Applied Biosystems), 1.25 µl tissue culture H 2 O (Sigma), 2.5 µl Bovine Serum Albumin (BSA, #B9001S New England Biolabs) and 2.5 µl of extracted DNA. Plates were run under real-time conditions on a single dye layer with 2 no template controls (NTCs) and 2 positive controls (DNA extracted from adult plaice muscle tissue) per 96-well plate. The assay was run using the standard protocol including an initial step of 2 min at 50°C and denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 60°C for 60 s. Because PCR inhibitors are often co-extracted from crustacea stomachs, samples returning negative TaqMan results were rerun following dilution and addition of BSA the following guidelines in Albaina et al. (2010) .
TaqMan results were analysed using the Sequence Detection Software version 2.3 (Applied Biosystems). A positive ΔRn threshold of 0.02 was set for the assay and threshold cycle (Ct) values were computed (Albaina et al. 2010 ); all amplification curves were also checked visually to remove occasional false positive/negative signals.
RESULTS
Plankton
Oceanography and vertically integrated sampling
In 2008, surface waters were generally cooler inshore (Fig. 2) . Vertical profiling showed that the water column was well mixed, with depth integrated temperatures ranging from 6.74 to 8.39°C. Surface to bottom salinity differences were less than 0.6, except at 1 station, whilst surface salinities ranged from 32.042 to 34.061. Plaice eggs were concentrated in the north-eastern corner of the sampling grid (Fig. 2) and the spatial distribution of later stage eggs was similar to that of the early stages (data not shown). Plaice larvae were recorded at only 2 stations, the maximum abundance being 1.6 larvae m −2 . In 2008, 9 trawl tows were completed using the PHHT. Most trawl stations were located close to the area of high egg abundance but exploratory tows were also conducted to the west of the patch (Fig. 2) .
In 2009, sea surface temperatures were up to 1.7°C colder compared with 2008 but the spatial pattern was similar (Fig. 3a,b) . The water column was thermally mixed at all stations but surface to bottom salinity differences of up to −1 were noted inshore. Plaice eggs were more evenly distributed across the study area in 2009 (Fig. 3a) compared with 2008, but by the end of the cruise, they had become slightly more concentrated towards the north-western corner (Fig. 3b) . In 2009, plaice larvae were found at about half of the plankton stations, and the spatial distribution broadly resembled that of the eggs (Fig. 3a,b) . At the start of the cruise a maximum abundance of plaice larvae of 2.3 m −2 was recorded, although this increased slightly to a maximum of 7.9 larvae m −2 in the north-western area by the end of the cruise.
Fish eggs other than plaice were abundant in both years. In 2008, the maximum number of non-plaice eggs was 7178 m −2 and in 2009 it was 1621 m −2
. The spatial distribution of plaice and non-plaice eggs tended to be similar (data not shown). The majority of the non-plaice eggs were less than 1.1 mm in diameter and, although they could not be identified to species, were probably dab Limanda limanda as their larvae are common off the North Wales coast towards the end of March ). Other identifiable eggs in the Gulf VII samples included late stage cod Gadus morhua, dragonets (Callionymidae), rocklings, sole Solea solea and sprat, but all of these were present at relatively low abundance. The relative proportion of plaice versus non-plaice eggs was also apparent in the BIONESS samples (Fig. 4) .
Depth-stratified BIONESS sampling
Fish eggs and larvae were the most abundant component of the BIONESS samples and were concentrated towards the surface (Fig. 4) . The vast majority of the fish eggs were <1.1 mm in diameter and lacked oil globules or other distinguishing characteristics, but Callionymus eggs and a single sandeel egg were caught in the deepest depth strata. In contrast, plaice and sprat eggs were concentrated in the upper strata. Identifiable larvae included sandeel (Ammodytidae), bull-rout Myxocephalus scorpius, dab, flounder Platichthys flesus, cod, whiting Merlangius merlangus, sea-snail Liparis montagui and plaice. Other larger planktonic organisms caught included various Malacostraca, amphi pods and chaetognaths, but these were present at very low densities (< 0.3 m −3 ).
Fishing
Trawl catches from both years are summarised in Table 1 . Herring (length range 8.5−27 cm), sprat (5.5−14.5 cm), whiting (9−34 cm) and dab (9−28 cm) were recorded in nearly all of the trawl hauls and dominated the catches in terms of weight. Other frequently caught taxa included squid (Loligo spp.), grey gurnard Eutrigla gurnadus (8−30 cm), plaice (13−43 cm), poor cod Trisopterus minutus (8−17 cm), dragonets (11−25 cm), mackerel (19−30 cm), thornback ray Raja clavata (13−76 cm), flounder (21− 41 cm) and lesser spotted dogfish (44−69 cm). The , but catch weights of the dominant species, herring and whiting, were higher. In 2009, the range of species caught with the sandeel trawl was larger than with the PHHT but catch weights of herring, sprat and whiting were much lower using this gear.
Acoustics
Trawl catches suggested that the fish community in the water-column consisted of mixed aggregations of herring, sprat and smaller numbers of whiting. There were no apparent diel patterns in species abundance in the trawl data, so results from all trawls were combined and used to partition the acoustic backscatter into relative contributions. Herring and sprat biomass were estimated at 6123 t (93 × 10 6 ind.) and 1117 t (166 × 10 6 ind.) respectively. The distribution of clupeids showed slightly higher densities in the north of the survey area, although schools were found throughout the area (Fig. 5) .
TaqMan analyses
Summaries of the molecular results are shown in Table 2 . The results were highly consistent between years. In 2008, sprat and herring showed the highest proportion of positive TaqMan responses (45.5 and 33.1% of samples tested respectively), whilst in 2009 the proportions were even higher (85.3 and 96.1%). When the percentage of individual sprat and herring yielding a positive TaqMan plaice probe result was plotted against the time of day when the fish were caught, there was no obvious trend (data not shown). Likewise, there was no obvious relationship between proportions showing a positive TaqMan response and the total time taken to process the catch. Mackerel also tested positive although this species was much less numerous than sprat and herring. Whiting were also relatively abundant in both years (Table 1) and around 10% of the individuals tested positive for plaice DNA. Other species showing low levels of positive response included poor cod and squid. Four species expected to be predominantly demersal but which also gave a low incidence of positive results were red gurnard Aspitrigla cuculus, grey gurnard, dogfish and lesser weever Echiichthys vipera. None of the larger benthic crustacea tested positive (Table 2) . From the BIONESS samples, around 13% of animals tested positive with the TaqMan assay. These positive results were dominated by fish larvae (grouped as mixed Clupeidae and Ammodytidae) which yielded 20% TaqMan positives, whilst a few Malacostraca and Am phipoda also tested positive (Table 3) .
DISCUSSION
Our results demonstrate how the application of modern molecular methods can successfully provide a more holistic description of the predator community preying on a patch of fish eggs/ larvae compared with visual gut content analysis (Brewer et al. 1984) . The dominant predators identified were sprat and herring but the TaqMan probe also revealed that whiting, squid, fish larvae (Clupeidae and/or Ammodytidae) and planktonic malacostraca and amphipods were also consuming plaice eggs/lar- vae. These findings extend results from previous studies which reported on a more restricted range of predators (Daan 1976 , Ellis & Nash 1997 ).
Clupeids as fish egg predators
Previous studies have implicated sprat and herring as important consumers of fish eggs (Daan 1976 , Pommeranz 1981 , Ellis & Nash 1997 , Köster & Möllmann 2000 , Köster et al. 2001 , Möllmann et al. 2004 , Segers et al. 2007 ). Ellis & Nash (1997) found that 75 to 97% of sprat stomachs sampled from a small plaice spawning ground off the Isle of Man contained plaice eggs; for herring, the proportions varied from 25 to 48%. TaqMan data from the present study yielded similar values for sprat but higher values for herring (96% of herring stomachs testing positive in 2009). Combined with the potential for individual sprat and herring to consume large numbers of eggs (Ellis & Nash 1997 , Plirú et al. 2011 , the present results support the idea that clupeids may be the most important predators of plaice eggs/larvae in the Irish Sea. The acoustics surveys also revealed the presence of several schools of sprat and herring in the study area and their spatial distribution broadly corresponded with the abundance of fish eggs. Although this suggests that clupeids might be targeting egg patches, further research is needed to determine whether clupeid shoals remain within egg patches over extended periods and whether they switch feeding modes when eggs are abundant (Batty et al. 1986 , Sims et al. 2008 .
A number of other species that are known to feed in the water column, including mackerel, whiting, poor cod and squid, were shown to be consuming plaice eggs/larvae in the present study. As far as we are aware, these species have not been previously identified as predators on the early stages of plaice. Harding et al. (1978) did, however, report the presence of plaice eggs in the stomachs of grey gurnard.
Except for whiting, the abundance of these non-clupeid species off the North Wales coast during the present study was low, supporting the idea that sprat and herring were the dominant consumers (Table 1) .
The abundance of other potential predators in the plankton was very low (Fig. 4) , but the BIONESS samples showed a surprising number of positive responses. In particular, fish larvae appeared to be consuming plaice eggs/larvae. Because of damage to the specimens prior to molecular analysis, these larvae could not be identified to species level and were grouped as mixed Clupeidae/Ammodytidae. Given the low abundance of adult sand-eel in the area (Table 1) , it is probable that the majority of these larvae were actually sprat. The relatively high numbers of positive TaqMan reactions from non-plaice fish larvae are unlikely to be due to contamination, since very low numbers of other organisms tested from the BIONESS samples gave positive reactions. Gelatinous predators are also often cited as major consumers of fish eggs and larvae (Purcell & Arai 2001) , but in the present study gelatinous predators were not common (Madin et al. 1996) . Populations of species such as Aurelia aurita and Cyanea capitella usually peak in late summer/autumn in the Irish Sea (Houghton et al. 2007 ) and predation pressure from these organisms should be relatively low early in the year (Purcell & Arai 2001) .
Use of molecular probes in marine predation studies
Using a state-of-the-art molecular approach we were able to rapidly screen nearly 3000 stomach contents and 550 planktonic organisms as potential predators of plaice eggs/larvae. This enabled confirmation of the importance of sprat and herring as consumers of fish eggs but also identified additional predators such as whiting, poor cod, red and grey gurnard and fish larvae. Despite the difficulties of sorting trawl catches, cross-contamination between samples did not appear to be a significant problem, as evidenced by non-reactivity of the negative controls.
Dependent on development stage and temperature, the TaqMan probe has a T90 (the length of time after ingestion that target DNA can be detected in > 90% of the predators tested) of between 4 and 5 h (Albaina et al. 2010 , Hunter et al. 2012 Unfortunately, we are not aware of any studies which provide data on how rapidly this can occur so the 2 h limit we used, whilst somewhat arbitrary, seemed a reasonable compromise between allowing full sorting and sampling of the catch and this risk. For sprat and herring, more than 85% of individuals tested positive, regardless of the time of day of sampling, supporting high detection efficiency for the assay and suggesting that degradation of target DNA was not a major problem. Regurgitation of prey is known to be a particular problem when sampling teleost predators using trawls and can lead to under-estimation of feeding rates (Bowman 1986) . It is usually recommended to use tows that are as short as possible to minimise this problem. However, the molecular approach to stomach content analysis may be less sensitive to this problem, since the TaqMan probe has been shown to be capable of detecting residual prey DNA, even when there are no remaining visible signs (Hunter et al. 2012) . The opposite problem, that other organisms might consume regurgitated material whilst in the trawl or plankton nets, leading to over-estimation of feeding rates, cannot be dismissed entirely, although for the trawl it is likely that regurgitated material would be rapidly flushed out of the net during towing because of the mesh size of the cod-end. It is feasible that feeding incidence in the BIONESS samples was over-estimated because of this problem (Hunter 1984) .
Because of their size and thick wall, plaice eggs and their shells can often be identified in fish stomachs (Ellis & Nash 1997 , Plirú et al. 2011 . However, eggs of other species cannot be so readily identified; for example cod, haddock Melanogrammus aeglefinus and whiting eggs cannot be visually distinguished until the late developmental stages . For studies targeting predation on species with visually indistinguishable eggs, a visual inspection of predator stomach contents will be unable to assign prey consumed to species level. The application of molecular tools to unambiguously identify fish eggs in the water column , Goodsir et al. 2008 ) and in predator guts (present paper) can solve some of these problems. On the other hand, the molecular approach cannot yet provide information on the number of eggs or larvae consumed, nor on the developmental stages of the prey.
The molecular approach is also a powerful tool for screening predators that macerate their prey (Theilacker et al. 1993) . For example, TaqMan results from the BIONESS indicated that some amphipods and malacostraca were consuming plaice eggs/larvae. Euphausiids have also been reported to consume fish eggs and larvae (Bailey et al. 1993 ) but they were not abundant in the egg patch investigated. Euphausiids are much more common in the deeper parts of the western Irish Sea (Mauchline 1984) where they could be more important as predators of fish eggs, since these areas are also adjacent to fish spawning grounds (Fox et al. 2000a) .
Finally, because the TaqMan method is so sensitive, it may detect secondary predation, e.g. the few positive TaqMan results from dogfish stomachs in this study. The diet of dogfish in the Irish Sea is known to include herring (Lyle 1983) , which are themselves important consumers of plaice eggs as shown in the present study and by Ellis & Nash (1997) .
Relevance to previous studies on predation on fish eggs and larvae
Our results support and extend data from the southern North Sea (Daan 1976 , Segers et al. 2007 ) and the Irish Sea (Ellis & Nash 1997) , where sprat and herring were reported to be important consumers of plaice eggs. Although sprat and herring both feed predominantly on copepods, they will switch to alternate prey when copepods are scarce (Daan 1976 , Segers et al. 2007 ). In UK waters, plaice complete spawning well before the spring increase in zooplankton (Simpson 1959a ,b, Fox et al. 2000a , 2007 . This was reflected in the present study where eggs of plaice, and other fish, dominated the plankton (Fig. 4) . Fish eggs may thus provide a valuable pulse of consumable biomass to pelagic predators early in the year when there is little alternative food available.
Although year-class strength in North Sea plaice appears broadly predictable from the abundance of late-stage eggs (Bannister et al. 1974 , Brander & Houghton 1982 , further research is required to examine whether this holds true for other plaice stocks and can be linked to levels of egg predation. A further area which requires study is the possible effects of inter-annual changes in water temperature on the activity and feeding rates of egg and larval predators since this could, potentially, explain the observation of a negative correlation between sea temperatures during late winter and early spring and subsequent recruitment success in several plaice stocks (Fox et al. 2000b) . Across a wide range of temperatures, Pepin (1991) found that increased instantaneous mortality was offset by increased development rates so that resulting total mortality across the egg stage was less temperature-sensitive compared with absolute rates. However, there was considerable scatter about this general relationship so that within regions, temperature might still have an impact on overall survival. Results from Daan (1976) , Ellis & Nash (1997) and Plirú et al. (2011) suggest that the abundance, distribution and feeding intensity of sprat and herring may be especially important in this respect. Despite several examples where clupeids are thought to play a key role in controlling recruitment of other fish (Cushing 1980 , Speirs et al. 2010 , Frank et al. 2011 , firm links have only been established in the Baltic (Köster et al. 2001 , Lindegren et al. 2009 ) and Barents Sea (Pedersen et al. 2009 ). In areas such as the North and Irish Seas, the abundance and distribution of herring is relatively well monitored on an annual basis. In contrast, much less is known about changes in sprat abundance and distribution (ICES 2010). Because of their apparent importance as consumers of the early life stages of other species, improvements in monitoring of sprat in particular will probably be required if ecosystembased ap proaches to managing marine fish stocks are to succeed (Köster & Möllmann 2000 , Kelly et al. 2006 , Segers et al. 2007 , Lindegren et al. 2009 , Speirs et al. 2010 , Frank et al. 2011 . 
